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Millennia of human land-use have resulted in the widespread occurrence 
of what have been coined 'domesticated ecosystems'. The anthropogenic 
imprints on diversity, composition, structure and functioning of such 
systems are well documented. However, evolutionary consequences of 
human activities in these ecosystems are enigmatic. Calluna vulgaris (L.) is 
a keystone species of coastal heathlands in northwest Europe, an ancient 
semi-natural landscape of considerable conservation interest. Like many 
species from naturally fire-prone ecosystems, Calluna shows smoke-adapted 
germination, but it is unclear whether this trait arose prior to the develop- 
ment of these semi-natural landscapes or is an evolutionary response to 
the anthropogenic fire regime. We show that smoke-induced germination in 
Calluna is found in populations from traditionally burnt coastal heathlands 
but is lacking in naturally occurring populations from other habitats with 
infrequent natural fires. Our study thus demonstrates evolutionary imprints 
of human land-use in semi-natural ecosystems. Evolutionary consequences 
of historic anthropogenic impacts on wildlife have been understudied, but 
understanding these consequences is necessary for informed conservation 
and ecosystem management. 



1. Introduction 

Fire is known to stimulate germination in many species of naturally fire-prone 
ecosystems worldwide [1,2]. Different smoke-derived chemical substances, 
notably karrikinolide and glyceronitrile [3,4], have been shown to play key eco- 
physiological roles in smoke-stimulated germination. The repeated appearance 
of the trait in many different families, lineages and regions [1,5-7] suggests a 
strong capacity for evolutionary responses to fire in plants [2], and hence potential 
for convergent evolution. Humans have used burning as a management tool for 
millennia [8,9], and fire has strong impacts on the structure and functioning of the 
resulting semi-natural ecosystems [8,10], suggesting that culturally fire-prone 
habitats may be good candidate systems for studying evolutionary responses to 
human management regimes. 

The coastal heathlands of northwest Europe constitute an anthropogenic land- 
scape that has been continuously managed by traditional burning and grazing 
regimes for up to 6000 years [9-11]. Major expansion occurred from ca 5000 BP 
(before present) in Jutland, Denmark [12], and at 3300-1000 BP in western 
Norway [11,13]; and although studies are scarce in the north, there is evidence 
of anthropogenic coastal heathland 4700-3300 BP in central Norway [14], and 
3800-1800 BP in northern Norway [15]. Burning cycles of 10-20 years are 
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Figure 1. Fire frequencies, study sites and distribution of anthropogenic coastal heathlands (purple shade) in Norway. Purple arrows indicate sites with frequent fires 
documented back to the Late Bronze or Iron Age (selected from 70 palaeoecological records [9,11,13-15]). White arrows indicate boreal heaths or forests with low- 
frequency natural fire regimes, with years since last fire given next to each arrow (from [22-25]). Black circles and white squares indicate seed-sampling sites along 
the latitudinal and elevational gradient, respectively. Inset shows a microfossil record from site B over the past 6000 years (reprinted with permission from [17]). See 
the electronic supplementary material, table S1 for site information. (Online version in colour.) 



traditional throughout the coastal heathland region [10,16]. 
Smoke-stimulated germination responses in heathland species, 
e.g. Calluna vulgaris [17,18], have ecological consequences: for 
example, germination rate and final percentages increase 
in smoke-exposed seedbanks [17,19,20]. As 6000 years of 
human influence affords scope for evolutionary change, we 
ask: is this a trait that Calluna brought into the heathlands or 
has it evolved there? 



Calluna also has a wide distribution in natural habitats — 
pine forests, boreal heaths and alpine areas [21] — that have 
not been exposed to high-frequency anthropogenic fire 
regimes. Natural fire frequencies in these boreal habitats vary 
considerably in space and time but are much lower than 
those of the managed coastal heathlands [22-25]. To evaluate 
evolutionary impacts of the anthropogenic fire regimes, we 
assessed germination responses to smoke of Calluna seeds 



Table 1. GLMM fixed effects for C vulgaris seed germination over time in response to smoke treatment along two geographical gradients. 





latitudinal gradient 




elevational gradient 






estimate 


s.d. 


estimate 


s.d. 


intercept 


4.999 


3.832 


-3.786 


0.316 


time 


0.205 


0.026 


0.118 


0.004 


geography 3 


-1.454 


0.606 


-1.399 


0.552 


geography x time 


-0.012 


0.004 


-0.006 


0.007 


smoke 


0.771 


0.207 


0.335 


0.364 


smoke x time 


0.031 


0.003 


0.027 


0.005 


smoke x geography 






0.362 


0.655 


smoke x geography x time 






-0.034 


0.010 



Geographical effects are given per 1000 m.a.s.l. in the elevational gradient model, and per 10° N in the latitudinal gradient model, s.d., standard deviation. 



sampled along two geographical gradients with different fire 
histories: (I) a latitudinal gradient within anthropogenic heath- 
lands along the coast of Norway and (II) an elevational 
gradient away from the anthropogenic coastal heathlands 
into boreal forests and heaths (figure 1). The gradients cover 
comparable climatic conditions, but whereas burning has 
been a common practice along the coast it has not in the 
boreal forests and heaths (figure 1; electronic supplementary 
material, table SI). 

2. Material and methods 

Eleven Calluna populations were studied (figure 1; electronic 
supplementary material, table SI). Data on fire frequencies were 
obtained from more than 70 fossil charcoal records from anthro- 
pogenic coastal Calluna heathlands (reviewed in [9,11,13-15]) 
and 12 records from boreal-zone Calluna habitats [22-25]. From 
each study population, infructescences from 15 Calluna plants 
were harvested, dried at 20°C for 2 days and stored for five 
months at 15% relative humidity and 15°C. These seeds were ger- 
minated with and without the addition of smoke water (standard 
Themeda solution; diluted 1 : 500 000 based on a dose-response 
screening experiment reported in the electronic supplementary 
material, table S2) [5]. For each maternal plant and treatment, 
three replicate Petri dishes of 22 seeds sown on agar were incu- 
bated at 20°C with a diurnal cycle of 16 L : 8 D; these conditions 
are known to yield maximum germination rates and percentages 
in Calluna [18,21,26], Germination (radicle more than or equal to 
0.5 mm) was scored for 60 days. We used a generalized linear 
mixed model (GLMM) solved by an integrated nested Laplace 
approximation [27] assuming a binomial distribution. Effects 
of explanatory variables — time, treatment and geography — on 
germination probabilities were assessed through posterior distri- 
butions using a three-way interaction model with random 
contributions by populations, maternal plants, replications and a 
term for residual overdispersion and autocorrelation. All analyses 
were done in R v. 2.15.2 [28]. 

3. Results 

Fire frequencies differ sharply, by up to three orders of 
magnitude, between the anthropogenic coastal heathlands 
and other Calluna habitats. Outside the coastal heathland 



Table 2. Germination rate of C vulgaris seeds at 20°C expressed as mean 
time to 50% germination according to the models of smoke-treatment 
effects along the two geographical gradients (table 1). Elevation is given in 
m.a.s.l. 





smoke treatment 






no 


yes 


latitude 


69° N 


42 


28 


64° N 


34 


23 


59° N 


27 


17 


elevation 


1000 m 


46 


43 


500 m 


39 


32 


0 m 


32 


24 



region, several sites are fire-free with median time since fire 
more than 200 years (figure 1). Smoke treatment increases 
both germination rates and final percentages in all Calluna 
populations from the latitudinal gradient (anthropogenic 
heath), and there are no significant interactions between 
smoke treatment and geography, indicating that the effect is 
constant along the entire gradient (table 1 and figure 2). 
The effect translates into an advancement of germination 
by 10-14 days (table 2) or a reduction in mean time to germi- 
nation by 32-37%. The positive smoke-treatment effect 
is also detected along the elevational gradient, but here the 
smoke-treatment effect diminishes away from the coastal 
heathlands, as indicated by a negative three-way interaction 
with geography (table 1). At the coast, the model predicts an 
8-day or 25% reduction in mean time to germination, which 
matches the prediction from the latitudinal gradient model, 
but at the boreal (natural) heath end of the gradient the differ- 
ence is only 3 days and no longer statistically significant as 
indicated by the overlapping confidence intervals of smoke- 
treated seeds and controls (table 2 and figure 2). Climate effects 
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Figure 2. Calluna vulgaris germination probabilities over time in response to smoke treatment along the latitudinal and elevational gradients. Lines give model 
predictions (posterior distributions from GLMM) and shaded areas delimit 2.5-97.5 percentile credibility of smoke-treated (red) and control (black) samples, m.a.s.l., 
metres above sea level. 



are consistent and comparable across the two gradients: 
germination rates decrease towards the colder northern and 
mountain regions, with similar parameter estimates and 
predictions (tables 1 and 2). 



4. Discussion 

Smoke-induced germination is known from Calluna popu- 
lations in anthropogenic coastal heathlands [17,18], where it 
increases recruitment from seedbanks in newly burnt heath 



[19,20]. We document that the trait is not universally present 
in Calluna; instead, it is lacking in the species' range outside 
the culturally fire-prone coastal heathlands. This can be 
linked to fire frequencies, which are markedly higher in 
anthropogenic than in natural Calluna habitats. This suggests 
that the smoke response has evolved in response to the 
anthropogenic high-frequency fire regime: Calluna occurs 
widely in heaths, bogs, forests and alpine areas throughout 
Europe [21] that lack the recurrent burning characteristic of 
the anthropogenic heathlands. The difference in fire history 
inside and outside the coastal heathlands is ancient; these 



landscapes were cleared in the Neolithic, with a period 
of expansion in the Bronze Age [9-11], providing time for 
evolutionary differentiation. Research on smoke-responses 
in naturally fire-prone ecosystems documents that the 
trait is phylogenetically and geographically widespread and 
is found in both broad-ranged and endemic plant species 
[5-7]. This suggests that smoke-induced germination is an 
evolutionary convergence [2]. The hypothesis of convergent 
evolution has gained support from studies demonstrating that 
smoke-responses in different phylogenetic lineages can be 
triggered by the same few chemical substances, universally 
present in plant-derived smoke [3,4]. 

The use of the two contrasting geographical gradients 
enables us to isolate the land-use difference and avoid con- 
founding climate effects (figure 1; electronic supplementary 
material, appendix SI). The similar germination responses 
along the climatic gradients show that the study design was 
successful in isolating the heathland-burning effect. Indeed, a 
model testing only climate found no significant differences in 
germination responses to temperature along the two gradients 
(not shown). 



In many of the classic studies of evolutionary consequences 
of human activities [29], the management actions interfere 
directly with age-specific survival rates. By contrast, evolu- 
tionary effects on non-target species are more enigmatic. In 
our study system, Calluna populations are not harvested 
but subjected to a management regime that affects their life 
cycle. Rather than affecting fecundity or growth, this manage- 
ment regime has effects on germination regulation, which in 
turn affects recruitment success [17,20]. Our findings have 
implications for the biodiversity and conservation value of 
coastal heathlands and domesticated ecosystems in general. If 
these harbour distinct ecotypes adapted to anthropogenic 
impacts [30], biodiversity will be at risk if semi-natural habitats 
and associated land-use regimes disappear. 

Acknowledgements. We thank the seed-collectors, Johannes van Staden 
for providing the smoke solution, and Robin Pakeman and Mikael 
Ohlsson for comments. 

Data accessibility. Data deposited in the Dryad repository under the DOI: 
http://doi.org/10.5061/dryad.191d5. 

Funding statement. This work was financially supported by Grolle 
Olsens Legat and Bergen Myrdyrkningsfond. 



References 



1. Dixon KW, Roche S, Pate JS. 1995 The promotive 
effect of smoke derived from burnt native 
vegetation on seed-germination of Western- 
Australian plants. Oecology 101, 185-192. (doi:10. 
1007/BF00317282) 

2. Keeley JE, Pausas JG, Rundel PW, Bond WJ, 
Bradstock RA. 2011 Fire as an evolutionary pressure 
shaping plant traits. Trends Plant Sci. 16, 406-411. 
(doi:10.1016/j.tplants.2011.04.002) 

3. Flematti GR, Ghisalberti EL, Dixon KW, Trengove RD. 
2004 A compound from smoke that promotes seed 
germination. Science 305, 977. (doi:10.1 126/ 
science.1 099944) 

4. Flematti GR, Merritt DJ, Piggott MJ, Trengove RD, 
Smith SM, Dixon KW, Ghisalberti EL. 2011 
Burning vegetation produces cyanohydrins 

that liberate cyanide and stimulate seed 
germination. Nat. Commun. 2, 360. (doi:10.1038/ 
ncomms1356) 

5. Brown NAC, van Staden J, Daws Ml, Johnson T. 2003 
Patterns in the seed germination response to smoke 
in plants from the Cape Floristic Region, South 
Africa. 5. Afr. J. Bot. 69, 514-525. 

6. Lindon HL, Menges E. 2008 Scientific note: effects 
of smoke on seed germination of twenty species of 
fire-prone habitats in Florida. Castanea 73, 

1 06 - 1 1 0. (doi:1 0.21 79/0008-7475(2008)73 
[106:EOSOSG]2.0.CO;2) 

7. Zuloaga-Aguilar S, Briones 0, Orozco-Segovia A. 
2011 Seed germination of montane forest species in 
response to ash, smoke and heat shock in Mexico. 
Acta Oecol. 37, 256-262. (doi:10.1016/j.actao. 
2011.02.009) 

8. Bond WJ, Keeley JE. 2005 Fire as a global 
'herbivore', the ecology and evolution of flammable 
ecosystems. Trends Ecol. Evol. 20, 387-394. (doi:10. 
1016/j.tree.2005.04.025) 



9. Kaland PE. 1986 The origin and management of 
Norwegian coastal heaths as reflected by pollen 
analysis. In Anthropogenic indicators in pollen 
diagrams (ed. KE Behre), pp. 19-36. Rotterdam, 
The Netherlands: Balkema. 

10. Gimingham CH. 1972 Ecology of heathlands. 
London, UK: Chapman and Hall. 

11. Prosch-Danielsen L, Simonsen A. 2000 
Palaeoecological investigations towards the 
reconstruction of the history of forest clearances 
and coastal heathlands in south-western Norway. 
Veget. Hist. Archaeobot. 9, 189-204. (doi:10.1007/ 
BF01 294634) 

12. Odgaard BV. 1994 The Holocene vegetation history 
of northern West Jutland, Denmark. Opera Bot. 123, 
1-171. 

13. Hjelle KL, Halvorsen LS, Overland A. 2010 Heathland 
development and relationship between humans and 
environment along the coast of western Norway 
through time. Q. Int. 220, 133-146. (doi:10.1016/j. 
quaint.2009.09.023) 

14. Paus A. 1996 Type region N-mo, southern coastal 
area in More and Trondelag. In Palaeoecological 
events during the last 15,000 years, regional 
synthesis of palaeoecological studies of lakes and 
mires in Europe (eds BE Berglund, HJB Birks, 

M Ralska-Jasiewiczowa, HE Wright). Chichester, UK: 
John Wiley and Sons. 

15. Tveraabak LU. 2004 Atlantic heath vegetation at its 
northern fringe in Central and Northern Norway. 
Phytocoenologia 34, 5-31. (doi:1 0.1 127/0340- 
269X/2004/0034-0005) 

16. Yallop AR, Thacker Jl, Thomas G, Stephens M, 
Clutterbuck B, Brewer T, Sannier CAD. 2006 The 
extent and intensity of management burning in the 
English uplands. J. Appl. Ecol. 43, 1138-1148. 
(doi:1 0.1 1 1 1 /j.1 365-2664.2006.01 222.x) 



17. Maren IE, Janovsky Z, Spindelbock JP, Daws Ml, 
Kaland PE, Vandvik V. 2010 Prescribed burning 
of northern heathlands, Calluna vulgaris 
germination cues and seed-bank dynamics. 
Plant Ecol. 207, 245-256. (doi:1 0.1 007/s1 1258- 
009-9669-1) 

18. Thomas TH, Davies I. 2002 Responses of dormant 
heather {Calluna vulgaris) seeds to light, 
temperature, chemical and advancement 
treatments. Plant Growth Regul. 37, 23-29. 
(doi:1 0.1 023/A:1 0203961 12716) 

19. Maren IE, Vandvik V. 2009 Fire and regeneration, 
the role of seed banks in the dynamics of northern 
heathlands. J. Meg. Sci. 20, 871-888. (doi:10.1 1 1 1/ 
j.1 654-1 1 03.2009.01 091 .x) 

20. Harris MPK, Allen KA, McAllister HA, Eyre G, Le Due 
MG, Marrs RH. 2011 Factors affecting moorland 
plant communities and component species in 
relation to prescribed burning. J. Appl. Ecol. 48, 
141 1 - 1421 . (doi:10.1 1 1 1/j.1 365-2664.201 1 . 
02052.x) 

21. Gimingham CH. 1960 Calluna vulgaris (L) Hull. 
J. Ecol. 48, 455-483. (doi:1 0.2307/2257528) 

22. Tryterud E. 2003 Forest fire history in Norway, from 
fire-disturbed to fire-free spruce forests. Ecography 
26, 161-170. (doi : 1 0. 1 034/j . 1 600-0587.2003 . 
02942.x) 

23. Ohlsson M, Korbol A, 0kland RH. 2006 The 
microscopic charcoal record in forested boreal 
peatlands in southeast Norway. The Holocene 16, 
731-741. (doi:10.1191/0959683606hl955rp) 

24. Ohlsson M, Dahlberg B, 0kland T, Brown KJ, 
Halvorsen R. 2009 The charcoal carbon soils in 
boreal forest soils. Nat. Geosci. 2, 692-695. (doi:10. 
1038/ngeo617) 

25. Ohlsson M, Brown KJ, Birks HJB, Grytnes J-A, 
Hornberg G, Niklasson M, Sepp H, Bradsha RHW. 



2011 Invasion of Norway spruce diversifies the 
fire regime in boreal European forests. J. Ecol. 99, 
395-403. 

26. Spindelbock JP, Cook Z, Daws Ml, Heegaard E, 
Maren IE, Vandvik V. 2013 Conditional cold 
avoidance drives variation in germination behaviour 
in Calluna vulgaris. Ann. Bot. 112, 801-810. 
(doi:10.1093/aob/mct142) 



27. Rue H, Martino S, Chopin N. 2009 Approximate 
Bayesian inference for latent Gaussian models by 
using integrated nested Laplace approximations. 

J. R. Stat. Soc. 71, 319-392. (doi:10.1111/j.1467- 
9868.2008.00700.x) 

28. R Core Team. 2012 R: a language and environment 
for statistical computing. Vienna, Austria: R 
Foundation for Statistical Computing. 



29. Kareiva P, Watts S, McDonald R, Boucher T. 
2007 Domesticated nature: shaping landscapes 
and ecosystems for human welfare. Science 
316, 1866-1869. (doi:10.1 126/science. 
1140170) 

30. Palumbi SR. 2001 Humans as the world's 
greatest evolutionary force. Science 293, 

1 786 - 1 790. (doi:1 0.1 1 26/science.293.5536.1 786) 



